Type-II Weyl semimetal is a new state of quantum matter discovered recently, which breaks Lorentz symmetry and possesses a tilted energy dispersion. Here, we investigate the effect of an applied electrical potential on type-II Weyl semimetal and find that application of gated or doped electrical potential does not only change the carrier concentration but also generates a pseudo-magnetic field which causes a transverse shift of momentum for the Weyl fermions situated in the bulk of the material, as a consequences of broken Lorentz symmetry. To show the influence of electric potential on the tunneling properties of Weyl electrons is equivalent to a pseudo-magnetic field, we considered a p-n-p junction with one-dimensional rectangular barrier and analyzed the angular dependence of tunneling probability. We showed that the transverse momentum of electrons experiences a shift at the barrier interfaces which constitutes a signature of the pseudo-magnetic fields generated by applied electrical potential, which can help to identify the tilted energy dispersion by analyzing transport properties. That may also enable possible p-n-p junction transistor applications without opening an energy gap. Besides, it is shown that the tunneling profile of type-II Weyl semimetal can be produced in a type-I Weyl semimetal with the aid of applied magnetic field.
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Recent theoretical and experimental works 1, 2, 3, 4, 5, 6 have predicted and demonstrated the existence of strain-induced valley-dependent pseudo-magnetic field in two-dimensional Dirac semimetals such as graphene. The uniaxial strain breaks the spatial inversion symmetry and yields a shift of the valleys at the corners of the hexagonal unit cell of the reciprocal lattice. Therefore, the Fermi surfaces experience a shift in k-space, causing a pseudo-magnetic field. This feature enabled many applications such as spin-valley filters 7, 8, 9 , and highly-sensitive strain or pressure sensors 10, 11, 12 A type-II Weyl fermion can be described by the low energy Weyl Hamiltonian with asymmetric velocities in threedimension, i.e., Fermi level. In this work, we focused on the tilt strength lower than the velocity on tilt direction (− ! < ! < ! ). From Eq.
(1), the energy spectrum of a single Weyl node under electrical potential can be found as
By considering as the angle between and the plane, as the azimuthal angle with respect to the -axis, and assuming symmetric velocities that equal to the Fermi velocity ( ! = ! ), the Fermi wave vector is
Note that the energy dispersion and Fermi wave vector can be reduced to the type-I Weyl semimetal in the case of ! = 0.
The energy spectrum for both type Weyl semimetal without potential is visualized for only two wave vector in The Weyl nodes exhibiting a tilted characteristic are found at 0.052 eV and 0.058 eV in WTe 2 35 , which is slightly above ! , while all of the Weyl nodes are at the same energy and found at intrinsic Fermi level in Ta 3 S 2 35 without spin orbit coupling.
In Dirac and Weyl semimetals, the Fermi level can be tuned by the application of a bias to a gated region or by alkali metal doping 37, 38 . To construct a p-n (n-p) or p-n-p (n-p-n) junctions, a top gate applied to the central region is used to change electron concentration in that region, while a bottom gate applied to the entire device would modulate the Fermi level. This method is only useful for thin materials since screening effect is effective only over short distances. The same structure may also be achieved by modulating the dopant concentration in different regions.
We analyze the effect of electrical potential in a Weyl fermion with tilted energy dispersion along the y-direction.
Interestingly, in addition to changing the carrier concentration, the electric potential also shifts the wave vectors, which is similar to the effect of a magnetic vector potential. Note that this kind of effect is only possible in type-II Weyl fermions as a consequence of broken Lorentz symmetry. In Dirac and type-I Weyl fermions, the application of potential would only shrink or enlarge the Fermi surface. The shift of ! due to the increasing potential ! is shown in Fig. 2 . The direction of shift is constant and same with the sign of applied potential. However, Fermi surface contracts and expands with the magnitude of ! in the case of ! < ! and ! > ! , respectively. 
The above equation may be mapped to the Fermi surfaces of the tilted energy dispersion described in Eq. 2, modified by the applied electrical potential. By considering a tilt in only the y-direction, and assuming ( ! = ! ), the amount of shift is found as
With the above shift, one can exactly reproduce the same Fermi surface as in the case of tilted Weyl fermion. However, the equivalent shift and hence, the corresponding -field is a function of the momentum itself, whereas the shift in the Weyl nodes of the tilted Weyl type-II dispersion due to the application of the real magnetic field is independent of . However, ∆ ( ! ) can be reduced by considering only shift at the maximum and minimum points of ! while the change in ! and ! may be ignored since the majority of shift is on the y-direction. The reduced ∆ ! is found as
And, equivalent magnetic field is
If one considers a type-I Weyl fermion under the influence of applied magnetic field !(!) causing a magnetic gauge potential on y-direction, a very similar characteristic of Fermi surface alternation can be obtained by using the equivalent magnetic field (Eq. 5) as verified numerically in Fig. 3 . Note that !(!) depends on ! and ! , which are the same parameters as that used for tilted Weyl fermion under electrical potential in Fig. 2 . Figure 3 The Fermi surfaces of a Weyl fermion without any tilt under the influence of same applied potentials ! and Fermi energy shown in Fig. 2 , and additional magnetic field on --direction causing a magnetic vector potential along the --direction, where the strengths of the fields are shown by different colors. To visualize the Fermi surfaces, we set ! = 0. The plus signs are the projections of the corresponding Weyl nodes of the Fermi surfaces.
As shown in Fig. 3 , the equivalent shift ∆ as given in Eq. (4) is an approximation and there is no deformation along ! , unlike in Fig. 2 . However, the simplification of ∆ is essential if it is to model the effect of a homogenous external magnetic field. To determine the validity of this approximation, we analyze the influence of ! on the wave vector ! (or ! ). It was found numerically that the effect of ! is barely observed for tilt strength of 0.1 ! , but becomes obvious at larger tilt strengths, as shown in Fig. 4 . This places an upper limit to the tilt strength where the pseudo-magnetic field can effectively be modelled as a homogeneous magnetic field which induces a gauge potential along the tilt direction (y in this example). Note that this threshold is varying according to the Fermi energy and applied potential. Therefore, one can tune ! and ! in order to increase threshold tilt strength. Figure  4 The angular dependence of the wave vector ! for different tilt strengths, where the Fermi energy ! ≈ 82 meV. The effect of tilt on ! is barely seen in the case of ! = 0.1 ! ; however, it becomes visible for higher tilt strengths.
Thus far, we have analyzed Weyl fermions type-II under electrical potential by considering the equivalent momentum shift
caused by the applied potential as well as the effect of tilt strength ! on the wave vector ! . Now, we examine the effect of the equivalent pseudo-magnetic field derived previously on the tunneling transport in a Weyl type-II system, as shown in Fig.   5 . In this model, we consider an infinite system where Weyl electrons around a single node and neglect the contribution of Fermi arcs to the conduction. Note that the contribution of Fermi arc states to the conduction may be negligible as shown in a thin film system of the Dirac semimetal Na 3 Bi 39 . Since Weyl nodes that possess opposite chirality can be well-separated in kspace 35 , and the degree of node separation can be further tuned by the doping modulation 36 , the total electron transmission is given by the sum of contributions at all Weyl nodes, following the treatment presented previously 28, 27 . The transmission direction is important in Weyl and Dirac semimetals since the distribution of Weyl nodes in k-space may be asymmetric in three spatial dimensions. The effect of the tilt direction is also significant because of the increased possibility of overlap between different chirality Weyl fermions at different nodes especially if an anti-symmetric potential barrier (at the p-n junction) exists. To avoid inter-node scattering, transmission direction must be selected carefully by considering the distribution of Weyl nodes in the Brillouin zone, which differs in different type-II Weyl semimetals. It can be intuitively predicted that the effect of pseudo-magnetic field would be largest if the tilt direction is transverse to the electron transmission direction, since the resulting shift yields the largest mismatch of the Fermi surfaces along the transmission direction. Therefore, in our model we set the transmission to be along x-direction while the non-zero tilt is along the ydirection.
Figure 5
The schematic representation of a Weyl semimetal under the influence of an electrostatic barrier. The electrostatic barrier gives rise to a change of carrier concentration under the barrier region; thus, a p--n--p or n--p--n junction can be obtained if the potential barrier height ! is higher than the Fermi level ! shown by the dotted blue line.
To investigate the electron tunneling transport at the barrier interface due to the Fermi surface mismatch induced by pseudomagnetic field, we calculate the angular dependence of transmission in the case of Klein tunneling across a n-p-n junction as shown in Fig. 5 26, 40 . Using the Hamiltonian, energy dispersion and Fermi wave vector shown in Eq. 1, Eq. 2 and Eq. 3
respectively, and considering a rectangular one-dimensional potential barrier with length L as shown in Fig. 5 , the components of the eigenstates of the system are found as
The top and bottom components of the wave functions for incident, propagated and transmitted waves in three regions represented by ! , ! , ! in Fig. 5 can be obtained, and by matching of both components at the barrier interface one can calculate the transmission probability across the system. To calculate the angular dependence of tunneling probability of the system, the wave vectors outside and within the barrier can be expressed by considering electron transmission alongdirection at angles (the angle between and the plane) and (the azimuthal angle with respect to the -axis). The wave vectors outside of the barrier is expressed as ! = ! cos cos , ! = ! cos sin , ! = ! sin , so that thecomponent of wavevector within the barrier is
The angles of electrons propagating within the barrier = tan
can be calculated by considering the conservation of the transverse wavevectors ! and ! at the barrier interfaces. Fig. 6 shows the angular dependence of electron transmission in three dimensions. Due to the chiral tunneling between electrons in the conduction band and holes in the valence band, the barrier is perfectly transparent for normally incident electrons, a behavior which also occurs in type-I Weyl semimetals 26 . The additional perfect transmission angles (so-called magic transmission rings) can be understood by the resonance of Fermi wave vector ! and barrier length L. These angles can be calculated by using Fabry-Pérot resonances, i.e., ! = , = 0, ±1, … by substituting the expression for ! in Eq.
6.
As shown in lower density plots in Fig. 6 , the various applied potential strengths proved that the electrons traveling through a barrier experience a momentum shift at the barrier interfaces, which may be a signature of pseudo-magnetic field induced by applied electrical potential. The upper density plots show Weyl semimetal with zero tilt (type-I) under same electrical potential; however, there is additional magnetic field generating a magnetic gauge potential on y-direction for electrons in the gated region. This kind of magnetic vector potential can be designed with two anti-symmetric ferromagnetic strips at barrier boundaries. It can be clearly seen that a n-p-n junction of type-II Weyl semimetal exhibits a transmission profile that seems under additional magnetic field effect. Note that applied magnetic fields in the n-p-n junction of type-I
Weyl semimetal (upper density plots in Fig. 6 ) are calculated with the Eq. 5. The numerical treatment of consistent pseudomagnetic field satisfies the analytical result shown in Eq. 5 since upper and lower plots are identical although the uppers represent type-I Weyl semimetal n-p-n junction under the influence of applied magnetic field to the central region while lowers represent type-II Weyl semimetal n-p-n junction without any magnetic field. Figure 6 The angular dependence of tunneling probability for two different systems. This result shows that the large pseudo-magnetic field can be induced by electrical potential in type-II Weyl semimetals.
Conversely, the transmission profile of type-II Weyl semimetal can be produced in type-I Weyl semimetal by application of a proper magnetic field. Interestingly, a similar pseudo-magnetic field may also be induced in strained two-dimensional Dirac semimetals such as graphene and silicene 4,41,42, .
The robust characteristics of The Weyl and Dirac semimetals is a prerequisite of possible applications. In particular, type-II Weyl semimetals can be made more robust and stable by increasing the separation of Weyl nodes having opposite chiralities in k-space 35 . The application of electrical potential in Dirac and Weyl semimetals change the carrier concentration but does not break the symmetry of the momentum. Here, we showed that the application of electrostatic potential is able to shift momentum, in addition to changing the carrier concentration. We derived the strength of the consistent pseudo-magnetic field, and verify the analytical predictions with numerical calculations. Our analysis reveals signature features in the transport characteristics which may help identify materials having the tilted Weyl dispersion. On the other hand, this analysis also showed the possibility of reproducing the tunneling characteristics of type-II Weyl semimetals in type-I Weyl semimetals by applying a suitable magnetic field profile.
Finally, our analysis may also resolve a major problem realizing transistor applications in topological semimetals such as Dirac and Weyl semimetals, i.e., the absence of normal backscattering and gapless band structure. It has been suggested that electron transmission may be suppressed by the application of magnetic field 43, 44 , but it is unwieldy to trigger a switch operation in nanoelectronic devices by means of a magnetic field instead of an electric field. Our proposed scheme allows suppression of electron transmission by means of a pseudo-magnetic field which is generated by an electrical bias, thus paving the way for future p-n-p junction transistor applications in Weyl semimetals.
